Background
==========

Maltose is transported by an ATP-dependent permease system in *Lactococcus lactis*\[[@B1]\]. The subsequent degradation of intracellular maltose is performed by the concerted action of P~i~-dependent maltose phosphorylase (MP) and β-phosphoglucomutase (β-PGM) \[[@B2],[@B3]\]. The genes encoding the MP and β-PGM of *L. lactis* are located in two different operons \[[@B3]\], (Fig. [1](#F1){ref-type="fig"}), and are both exposed to carbon catabolite repression \[[@B3],[@B4]\]. The β-PGM encoding gene, *pgmB*, is located in a putative trehalose operon, including the genes likely to encode a regulatory protein and the trehalose-specific components of the phosphotransferase system as well as the gene encoding the newly characterised trehalose 6-phosphate phosphorylase \[[@B5],[@B6]\]. *malP*, encoding the MP has been localised in an operon including the genes likely to be involved in poly-, oligo- and disaccharide degradation in *L. lactis*\[[@B3],[@B5]\]. In addition, a gene possibly coding for a transcriptional regulator, henceforth called MalR, belonging to the LacI-GalR family has been observed downstream of *malP*\[[@B3],[@B5]\].

![**The predicted maltose (above) and trehalose operons (below) of *L. lactis*.** Genes/open reading frames are presented by arrows indicating the direction of transcription. Notations of enzymes of confirmed identity are shown in bold text. Other enzymes are from predictions based on amino acid sequence similarities. The DNA sequence shows the putative MalR binding site 170 bp and 180 bp from the translation start site of *dexC* and *malE*, respectively. The bases underlined are those that are identical to the bases found in the motifs of more than 50% of the 7 MalR binding sequences obtained from Schlösser et al. \[[@B17]\] and included in the current comparison. MalR, maltose operon regulator; MP, maltose phosphorylase; PTS(EII^tre^), trehalose-specific enzyme II component of the phosphotransferase system; TrePP, trehalose 6-phosphate phosphorylase; β-PGM, β-phosphoglucomutase. The figure is adapted from information on the genome sequence of *L. lactis*\[[@B5]\] and (GenBank accession no. Y18267) and from Nilsson and Rådström, Qian et al. and Andersson et al. \[[@B3],[@B4],[@B6]\].](1471-2180-2-28-1){#F1}

In both *Staphylococcus xylosus* and *Streptococcus pneumoniae*, maltose metabolism has been shown to be dependent on a maltose operon regulator, MalR \[[@B7],[@B8]\]. In *S. xylosus* it was shown that MalR mainly affects the maltose transport, while the corresponding regulatory protein in *Strep. pneumoniae* has been found to regulate two operons involved in maltose metabolism \[[@B8]\]. The present study highlights the physiological role of the presumed MalR in maltose metabolism in *L. lactis*. By investigating the activities of maltose uptake, MP and β-PGM, the influence of MalR on maltose and trehalose catabolic operons could be assessed.

Results and Discussion
======================

MalR does not regulate the activity of MP and β-PGM in *L. lactis*
------------------------------------------------------------------

*L. lactis* mutants harbouring pTMB5003 were screened for impaired maltose catabolism by testing their inability to ferment maltose in liquid medium containing maltose and erythromycin. Since pTMB5003 harbours an internal fragment of *malP* it was supposed to integrate into the corresponding *malP* region of the lactococcal chromosome by a homologous recombination event and most likely negatively affect the transcription of *malP* (Fig. [1](#F1){ref-type="fig"}). Therefore, the specific activity of MP in the mutants was determined. All mutants possessed the same MP specific activity as the wild-type, 19435, and one of them, TMB5004, was chosen and further investigated for its impaired maltose catabolism. According to Southern blot analysis, the integration of pTMB5003 was localized to the left of the *Hae*III\* restriction enzyme recognition site in the *malR*-*malP* chromosomal region of TMB5004, since a DNA fragment of 4.5 kb was detected (Fig. [2](#F2){ref-type="fig"}). This DNA fragment should be expected if pTMB5003, based on the 3.2 kb integration vector pFL20 \[[@B9]\] was integrated. By using probe Y corresponding to an internal fragment of *malP*, it was confirmed that the region to the right of the *Hae*III\* site was unaltered when pTMB5003 integrated. We cannot further explain the recombination event in TMB5004, but this mutant was henceforth considered as a presumed MalR-deficient strain.

![**Southern blotting of the *malP-malR* DNA region in *L. lactis* 19435 and TMB5004.** A) Southern blotting results using probe X and Y (see below). B) Relevant *Hae*III and *Xba*I restriction recognition sites in the *malR-malP* region of *L. lactis*. Probe X was constructed by using primers A and B and probe Y was constructed by using primers C and D. 10 mm corresponds to 0.2 kb.](1471-2180-2-28-2){#F2}

The activities of MP and β-PGM were measured and found to be the same in the TMB5004 as in 19435 (Table [1](#T1){ref-type="table"}), suggesting a negligible influence of MalR on these enzyme activities in *L. lactis*. In a previous study it was shown that the transcription of *malP* is subjected to carbon catabolite repression and that no specific sugar can be assigned for its induction \[[@B3]\]. β-PGM is essential for trehalose metabolism in *L. lactis*\[[@B9]\] and its encoding gene, *pgmB*, is located together with genes likely to encode proteins involved in the uptake and degradation of trehalose \[[@B3]\]. Since a gene highly likely to encode a transcriptional regulator is located in the putative trehalose operon, upstream of *pgmB*, it is possible that there is another system for the regulation of β-PGM activity in *L. lactis*\[[@B5]\]. In addition, the cultivation of TMB5004 on trehalose was shown not to differ from that of the wild type strain (data not shown). Thus, from the present study we may conclude that no co-regulation of the maltose and trehalose operons is exerted by the MalR, in *L. lactis*.

###### 

Specific MP and β-PGM activities in cell extracts of *L. lactis* 19435 and TMB5004 cultivated on different carbon sources.

  Carbon source   MP activity (U mg protein^-1^)^a^   β-PGM activity (U mg protein^-1^)^a^                 
  --------------- ----------------------------------- -------------------------------------- ------------- -------------
  Maltose         0.12 ± 0.01                         0.12 ± 0.01                            0.52 ± 0.03   0.50 ± 0.04
  Glucose         0.07 ± 0.01                         0.10 ± 0.02                            0.19 ± 0.02   0.12 ± 0.01

Mean values and standard deviations are given for each cell extract analysed in triplicate in each assay. ^a^ Specific activity in cuvette. 1 U mg protein^-1^ corresponds to 1 μmol substrate converted per minute per milligram protein added.

MalR is crucial for active maltose translocation
------------------------------------------------

As the mutant, TMB5004, was not able to ferment maltose (Fig. [3](#F3){ref-type="fig"}) and since the activities of relevant maltose-degrading enzymes were unaffected (Table [1](#T1){ref-type="table"}), an investigation of the maltose uptake system was performed. By monitoring the ability of the lactococcal strains to transport maltose, an explanation of the maltose-negative phenotype of TMB5004 was obtained (Fig. [4](#F4){ref-type="fig"}). The minimum maltose transport capacity observed for the wild type, when cultivated on maltose, was five times higher than that of the mutant. The difference in uptake rate increased when using higher maltose concentrations in the assay. Since the maltose uptake was shown to be considerably lower in glucose-cultivated lactococci, we may conclude that glucose has a repressive effect on a functional maltose permease complex, as has been reported earlier \[[@B10]\]. Moreover, as curves for the specific uptake rates in lactococci, cultivated in medium with no sugar added, followed those for glucose-cultivated lactococci (Fig. [4](#F4){ref-type="fig"} and other data not shown), it is suggested that an active maltose translocation system requires the presence of maltose in the cultivation medium, in addition to a functional MalR protein.

![**Cultivation of *L. lactis* 19435 and TMB5004 on maltose.** Growth curve of *L. lactis* 19435 (▼); growth curve of *L. lactis* TMB5004 (▽); maltose concentration in cultivation medium of *L. lactis* 19435 (●); maltose concentration in cultivation medium of *L. lactis* TMB5004 (○).](1471-2180-2-28-3){#F3}

![**Specific maltose uptake rates at different maltose concentrations (2.5 mM-50 mM) used in the assay.***L. lactis* 19435 cultivated on glucose (●); *L. lactis* 19435 cultivated on maltose (○); *L. lactis* TMB5004 cultivated on glucose (▼); *L. lactis* TMB5004 cultivated on maltose (▽). The assay was run in duplicate and for every cell resuspension and results were obtained with a variation coefficient of 10%.](1471-2180-2-28-4){#F4}

MalR -- an exception to the LacI-GalR family of transcriptional repressors
--------------------------------------------------------------------------

The amino acid sequence of the MalR of *L. lactis* shows 30% identity to those of known MalR proteins of *Strep. pneumoniae* and *S. xylosus* (GenBank accession nos. AAK05774, Q08511, Q56201). Moreover, by studying the operator region upstream of *malE*, we found a putative MalR binding site (Fig. [1](#F1){ref-type="fig"}) sharing some identical motifs with known DNA sequences of MalR binding sites (GenBank accession no. AE006399) \[[@B11]-[@B14]\]. However, no MalR binding site could be found in the regions upstream of *malP* or *pgmB*. This verifies the findings of the present study, namely that the maltose transporter is the only component involved in maltose assimilation that, so far, shows any dependence of the MalR protein in *L. lactis*.

In contrast to the activating effect of MalR on the maltose permease complex in *L. lactis*, members of the LacI-GalR family have been demonstrated to be transcriptional repressors \[[@B15]\]. One report describes the regulation of two operons involved in maltose uptake and utilisation, by the *Strep. pneumoniae* MalR protein. This regulator is a repressor protein, as is the MalR of *Clostridium butyricum*, also a member of the LacI-GalR family \[[@B8],[@B12]\]. However, another exception has been detected in *S. xylosus*, the MalR protein of which was shown to be required for the full activity of the maltose translocation system, as in the case of *L. lactis*\[[@B7]\]. Furthermore, the MalR-encoding gene in that strain was shown to be located directly upstream of the maltase-encoding gene, the transcription of which was not affected by the presence or absence of MalR.

Conclusions
===========

MalR does not exert any regulation of the activity of MP and β-PGM, the key enzymes of maltose metabolism in *L. lactis*. MalR should be regarded as an activator, due to its suggested activating effect on the maltose transport system. This regulatory protein of *L. lactis* is, in addition to the MalR protein of *S. xylosus*, an exception to the transcriptional repressors belonging to the LacI-GalR family.

Materials and Methods
=====================

Genetic techniques
------------------

All DNA-modifying enzymes and corresponding buffers were purchased from Roche Molecular Biochemicals (Roche Diagnostics Scandinavia AB, Sweden). Polymerase chain reaction (PCR), restriction enzyme digestions, ligations, gel electrophoresis and Southern blotting were performed according to Ausubel et al and Sambrook et al \[[@B16],[@B17]\]. Probe labelling was conducted using a Random Primed DNA Labelling kit (Amersham Life Science). Extraction and purification of DNA fragments or PCR products were carried out with the aid of a QIAquick kit (Qiagen). Plasmid DNA was purified from *Escherichia coli* using a Bio-Rad Quantum Miniprep kit (Bio-Rad Laboratories) and chromosomal DNA was extracted from *L. lactis* 19435 using an Easy-DNA™ kit (Invitrogen). Ultra-competent *E. coli* was prepared according to Inoue et al \[[@B18]\] and transformation was carried out using standard procedures \[[@B17]\]. Competent *L. lactis* was prepared and transformed as described earlier \[[@B19]\].

Origin of *L. lactis* TMB5004
-----------------------------

A DNA sequence of 850 bp internally of *malP* (GenBank accession no. AE006398) was amplified from chromosomal DNA of *L. lactis* 19435 using PCR. The PCR primers used were 5\'-ggcggatcctaaaggatttactgg-3\' (forward), including a *Bam*HI restriction enzyme recognition site at the 5\' end, and 5\'-aatcgcatgaattgaaggag-3\' (reverse). The PCR product was purified and digested with the restriction enzymes *Bam*HI and *Rsa*I, revealing a 450 bp product, which was purified. The integration vector pFL20 \[[@B9]\] was digested with restriction enzyme *Pst*I and further treated with T4 DNA polymerase, according to the instructions issued by the manufacturer, in order to generate blunt ends. Next, pFL20 was digested by *Bam*HI and thereafter purified from an agarose gel. The construct, termed pTMB5003, resulting from ligation of the modified pFL20 and the internal DNA sequence of *malP*, was propagated in *E. coli* DH5α and finally transformed into *L. lactis* 19435. Selection was made for erythromycin-resistant transformants, as proof that the pTMB5003 construct had been integrated into the chromosome of *L. lactis* 19435 by a single crossover event. The colonies that appeared were checked for inability to grow on maltose, MP activity and for integration of pTMB5003 by PCR. All transformants showed MP activity and one of them, termed *L. lactis* TMB5004, was chosen for further investigations.

Southern blotting was performed to assess the location of homologous recombination in *L. lactis* 19435, resulting in TMB5004. The chromosomal DNA of *L. lactis* 19435 and TMB5004 were digested by the restriction enzymes *Hae*III and *Xba*I. Two probes were amplified by PCR using *L. lactis* 19435 chromosomal DNA as template and the primers 5\'-ggcggatccattggagttgtctttccc-3\' (forward, A) and 5\'-ggcctgcaggcacttgcccccaattgtt-3\' (reverse, B) and 5\'-ggcggatcctaaaggatttactgg-3\' (forward, C) and 5\'-aatcgcatgaattgaaggag-3\' (reverse, D).

Bacterial strains, cultivation conditions and measurement of sugar consumption
------------------------------------------------------------------------------

*Escherichia coli* DH5α, (Life Technologies), used for all cloning procedures, was cultivated in Luria-Bertani liquid or agar medium at 37°C. For the selection of *E. coli* transformants the medium was supplied with 250 μg ml^-1^ erythromycin. *L. lactis* ssp. *lactis* 19435, obtained from the American Type Culture Collection, and its derivative *L. lactis* TMB5004 were cultivated at 30°C on M17 agar (Oxoid) or in M17 medium (Oxoid), in standing batch cultures. Erythromycin (2 μg ml^-1^) was added when required and carbohydrates were autoclaved and added to the culture medium separately, to a final concentration of 10 g l^-1^. Cell growth was monitored by measuring the optical density at 620 nm. In order to study maltose consumption, samples were taken from the cultivations, filtered through 0.2 μm filters and kept at -20°C until analysed. The maltose concentration was analysed by high performance liquid chromatography at 45°C on a cation-exchange column (Aminex HPX-87H, Bio-Rad) and quantified using a refractive index detector (Shimadzu, Japan). The mobile phase was 5 mM H~2~SO~4~ run at 0.6 ml min^-1^.

Cell extract preparation, determination of protein concentration and enzyme assays
----------------------------------------------------------------------------------

Cells were collected from cultivations and harvested by centrifugation at 5 000 × g, 2°C, for 10 minutes. The cells were washed twice and resuspended in triethanolamine buffer (pH 7.2), containing 0.5 mM MgCl~2~ and 0.5 mM dithiotreitol. The cells were disrupted using glass beads (0.5 mm) (KEBO Lab, Sweden) and vigorous vortexing at 8°C. Cell extracts were collected after centrifugation at 19 500 × g, 2°C, for 15 minutes, while cell debris was removed. The total protein concentration in cell extracts was determined according to the method of Bradford \[[@B20]\], using a bovine serum albumin standard. The specific activities of MP and β-PGM were determined using coupled assays, measuring the formation of NADPH at 30°C, and 340 nm, as described earlier \[[@B2],[@B3]\]. A total of 50--200 μg of protein was added to each assay mixture and all cell extracts were analysed in triplicate.

Maltose uptake measurements
---------------------------

The uptake of maltose by lactococcal cells was determined using a zero-*trans*-influx assay adapted for bacterial cells \[[@B21]\]. Harvested cells were washed twice in ice-cold 0.1 M potassium phosphate buffer (pH 6.5). The cells were resuspended to a dry weight of 25--30 mg ml^-1^ in the same buffer and kept on ice until used. Twenty microlitres each of 0.1 M potassium phosphate buffer (pH 6.5) and cell resuspension were added to a 5 ml plastic vial and incubated at 30°C, for 5 minutes in a water bath. Ten microlitres of ^14^C-labelled maltose (Amersham Life Science) was added to the mixture to a final specific activity of 200 counts per minute (cpm) nmol^-1^, and the assay was started by vortexing the vial briefly. The assay was allowed to proceed for 10 seconds, measured by the use of a metronome, and stopped by adding 3 ml of ice-cold 0.5 M maltose from a dispenser. The reaction mixture was rapidly filtered through a glass microfibre filter (GF/F, Whatman^®^, Merck Eurolab) and the reaction vial was washed twice with 3 ml of 0.5 M maltose. Finally, the filter equipment was washed twice with 5 ml 0.5 M maltose before the filter was removed. The filter was placed in a scintillation vial containing 5 ml scintillation solution (Ecoscint™ A, Hintze AB). Tests were run in duplicate and for every cell resuspension a background sample was prepared. The background samples were prepared and treated as the other assays, except that they were not vortexed. Instead, the reaction mixture was filtered immediately after the addition of ^14^C-maltose.

Authors\' contributions
=======================

U. A. participated in the design of the study, carried out the laboratory work and drafted the manuscript. P. R. participated in the design of the study and its coordination. Both authors read and approved the final manuscript.
